Studies were performed to compare the physical and chemical characteristics and the in vitro macrophage cytotoxicity of oil and coal fly ash. Sampling methodology was developed to collect size-fractionated particulate matter from the smokestack of either a coal-fired or an oil-fired power plant. Morphological studies demonstrated particle heterogeneity, although most coal fly ash particles appeared to be spherical. Oil fly ash contained two major morphologies; nonopaque amorphous particles and opaque amorphous particles. Elemental analysis indicates that the coal ash is predominantly composed of aluminosilicate particles, while the oil ash is predominantly inorganic sulfates and carbonaceous particles. In vitro macrophage assays demonstrate that the finest coal fly ash particles are the most cytotoxic; the cytotoxicity is significantly less than that of a-quartz, the positive control particle. In contrast, the oil fly ash particles are more cytotoxic than quartz. The cytotoxicity of oil fly ash is due to soluble components, possibly vanadium salts.
Associated with the generation of electricity by fossil fuel combustion is the production and subsequent environmental release of primary particulate matter. This material, fly ash, presently poses a major solid waste disposal problem and a potential health hazard. The ash from coal combustion is primarily aluminosilicate in matrix and contains surface layers of vapor-deposited inorganic and organic compounds. Furthermore, interparticle chemical variability is such that individual particle composition may be quite different than the average composition (1) .
Although a number of studies have characterized the physical and chemical properties of coal fly ash (2) , few detailed reports are available on oil fly ash. This is probably because of the relatively high ash content of coal and the large quantities combusted in power generation. It is estimated that 100 million tons of coal fly ash were produced in the United States in 1980 from combustion of coal averaging an ash content of 11% by mass (3) . Particulate though the ash content of oil used for electric power generation is two to three orders of magnitude less than the ash content of coal, most oil-fired power plants employ little or no particle emission technologies. Furthermore, oil-fired power plants are often located closer to urban centers than coal-fired plants. Thus, further efforts are required for characterization of fly ash from oil combustion.
In this report, collection techniques and physical and elemental analyses are presented for stack-collected, size-fractionated coal and oil fly ash samples. The in vitro cytotoxicity of these materials to bovine pulmonary macrophages is compared with the toxicity from exposure to a-quartz (positive control) or glass beads (negative control.)
Sample Collection
The coal fly ash samples were collected directly from the stack of a power plant burning low sulfur, high ash western U.S. coal. The collection system has been described in detail by McFarland et al. (4) . Salient features will be briefly reviewed here.
A sample probe was designed to enter the stack of the power plant downstream from the electrostatic precipitator (ESP). Thus, the particles collected were those which negotiated the particulate control device and would have been released to the environ-ment. Particles entering the sampling probe were drawn from the stack into an insulated, thermally regulated size classification system. The system was maintained at 950C to avoid condensation of sulfuric acid. The classification consisted of two mechanical cyclone separators and a 25-jet centripeter (virtual, dichotomous impactor). Particles collected in the cyclones were maintained in stainless steel hoppers. The finest particles which penetrated the two cyclones were further aerodynamically classified into two fractions by the centripeter, with the resulting material depositing on fabric filters. The fabric filters were pulsed every 2 min with high velocity jets of cleaning air. The cleaning process was designed to avoid a significant pressure drop across the filter surface. Cleaning also avoided potential artifact formation associated with long-term, continuous exposure of collected fly ash to reactive stack gases. Samples were collected continuously over a 30-day period. The relatively long sampling period allowed collection of a sample representative of changes in fly ash composition that may result from variations in plant operating conditions.
The oil fly ash sampler was designed with thermal regulation similar to that employed for the coal fly ash samples (Fig. 1) , but contained only one cyclone for size classification. Stack gas was drawn into the sampling module through a heated probe and passed into a cyclone. After the largest particles (>2.5, m) were collected by the cyclone the gas then flowed through a fabric filter, which was designed to collect the smaller particles. Subsequently, the gas was drawn through an orifice-type flowmeter and into a jet pump. Pressurized plant supply air (primary air) was used to drive the jet pump. The mixed stream of clean stack gas and expended primary air was discharged to the surrounding atmosphere.
Several operational variables were controlled or measured. Temperature level in thc compartment was maintained at a preset value with 1.2 kW of electrical heat. A bead thermistor was used to sense temperature and its output was supplied to a solidstate controller. Pulse air for cleaning the fabric filter was supplied from bottled high pressure "zero" air. An electromechanical timer was used to set the pulse frequency and duration. Flow rate through the system was determined through the sensing of differential and static pressure levels at the orifice flowmeter and gas temperature. Flow through the STACK GAS FLOW FIGURE 1 . Stack sampler for collection of fly ash from an oil-fired power plant. system was set through an adjustment of the pressure level of primary air.
Laboratory calibrations indicated that the cutpoints of the sampling probe and the cyclone were 96 and 2.7 «m, respectively. Teflon felt was demonstrated to be a better medium than either Teflon fabric or Dacron fabric.
Oil fly ash samples were collected from a power plant burning Indonesian crude oil of low sulfur (0.16%) and low ash (<0.01%) content. Samples were collected over two consecutive 4-day periods at a temperature of 140°C; material from one sample period was used for chemical analysis and material from the second sample period for the remaining studies (5).
Physical Properties Particle Morphology
In a previous report (6) , the morphology and proposed morphogenesis of the coal fly ash particles were described. Light microscopic evaluation of the coal fly ash indicated a vast array of morphological forms and colorations. The relative abundances of eleven morphological classes were described: (a) amorphous, nonopaque particles; (b) Relative abundances of the the five major classes (A-E) were quantified in five random fields of 200 particles for each of the fractions. Only particles greater than 125 mm were counted to reduce misclassification of very small particles. These larger particles accounted for most of the mass of fly ash in both fractions. Class A accounted for more than 50% of the particles in both the coarse and fine fractions. The next most abundant particle type, Class B (opaque amorphous or lacy) appeared to be more abundant in the fine fraction compared to the coarse, i.e., 28% vs. 13%, respectively. Opaque spheres, Class E, were less abundant.
The striking difference in the morphology of oil and coal fly ash is further demonstrated by electron microscopic analysis (Fig. 2) are predominantly spherical with surface features ranging from smooth to abundantly microcrystalline. Oil fly ash appears to be composed of two major types: (1) spongy, hollow spheres and amorphous particles and (2) irregular, solid particles.
Size Distribution
The size distributions of the four size-classified coal fly ash samples were determined by Coulter analysis (4) . Fly ash was ultrasonically dispersed in a methanolic electrolyte solution. In contrast to the coal ash, the mass of collected oil fly ash was too small to allow Coulter analysis. Furthermore, the apparent crystal growth indicated the presence of soluble compounds. Thus, light microscopy was chosen for size analysis of the oil ash. Particles were sized by estimating the diameter of a sphere having the same projected area and comparing this to an eyepiece reticle, which was previously calibrated. All particles greater than 0.625 ,m were counted and tallied into one of six size classes, the last class contained particles greater than 6.25 ,m. The upper class boundary of the largest size was set at 12.5,um because this was the diameter of the largest particle. The count distribution was converted to a volume distribution by assuming all particles were spheres and multiplying the count by the cube of the geometric mean of the class boundaries. The cumulative distribution of volume was calculated and fit to a lognormal distribution using the logarithm of the diameter and conversion of the volume distribution to a standard z function. After linearizing both parameters, a standard linear regression was performed. 
Elemental Analysis
Detailed elemental analyses by instrumental neutron activation analysis (INAA) (8) and atomic absorption spectroscopy (AAS) (9) have been performed for coal fly ash. With the exception of silicon, which appeared to decrease with decreasing particle size, the major element composition of the fractionated fly ash was relatively independent of particle size. Greater than 92% of the mass of the fractionated fly ash could be accounted for by oxides of Si, Al, Fe and Ca. An enhancement factor was defined as the ratio of the element concentration in cut 4 (finest) to its concentration in cut 1 (coarsest). The more volatile elements (or their oxides), Cd, Zn, Se, As, Sb, Mo, Ga, Pb and V displayed clear-cut increases in concentration with decreasing particle size, in agreement with the vaporcondensation mechanism of Natusch and Wallace (10). Thus, coal fly ash surfaces appear to serve as sites for condensation of vapor phase trace elements. It is noteworthy that such a vapor-phase condensation mechanism provides a surface concentration of the trace elements that may be considerably greater than either the matrix or average concentration. The elemental concentrations of the fine and coarse oil fly ash samples were analyzed (5) by using methodology similar to that employed in analysis of the coal fly ash. In contrast to the coal ash, the majority of the inorganic components were present as sulfates. Sulfate anion accounted for 43% and 50% of the mass of the fine and coarse oil fly ash samples, respectively.
Elemental analyses of the coal fly ash sample with a size distribution similar to that of the fine oil fly ash sample are compared in Table 1 . The striking difference in matrix and trace elemental composition is apparent. In particular, while the oil ash is predominantly composed of a sulfate matrix, the coal ash is predominantly aluminosilicate. Of particular interest from a toxicological standpoint is the presence of high levels of nickel and vanadium in the oil ash compared to the coal ash. Furthermore, in agreement with the analytical findings (5), the metal sulfates are expected to be soluble in water or dilute acid.
Bovine Macrophage Cytotoxicity
To compare the cytotoxicity of the fly ash samples, in vitro exposure of the bovine pulmonary macrophage was used as a test system (11) . Pulmonary alveolar macrophages (PAM) were harvested from the cardiac lung lobe of a healthy adult steer. The lung samples were obtained from a local slaughterhouse. The lobe was placed in a plastic bag and covered with crushed ice. Upon arrival at the laboratory (within 1 hr of slaughter), a blunt 15-gauge needle was secured in the bronchi and the lobe was lavaged. Then 50-mL aliquots of 2-40C Ca-Mg-free phosphate-buffered saline (PBS) were introduced into the lobe using a sterile 60 cc syringe until distention of the lobe. Lavage fluid was withdrawn and stored on ice in 250 mL sterile centrifuge tubes. A total of 500 mL of fluid was used for each lobe. Lavage fluid was centrifuged at 150g for 30 min. The erslips from each group, and cells were challenged with carbonized latex microspheres (20:1 particle to cell ratio) and reincubated for 30 min. At the end of 30 min, coverslips were rinsed with PBS, air-dried, and stained with Wright-Giemsa. Coverslips were mounted on slides, and 200 cells per coverslip (50/ quadrant) were scored for phagocytic uptake of the inert microspheres.
Results of the cytotoxicity assays are presented in Table 2 . Test particle concentrations were 0.3, 0.1, 0.03 and 0.01 mg/mL for all test substances except quartz. Based on previous studied (unpublished data), quartz was used as a positive control at one concentration, 0.1 mg/mL. The phagocytic activity (Table 2 ) of the macrophages was significantly inhibited (p < 0.001) at the 0.3 mg/mL dose with the negative control particles (glass beads). Similar inhibition of phagocytosis was observed with all other materials tested at this concentration. The 3.2 ,um fraction of coal fly ash depressed phagocytic function at all four dose levels, in contrast to the other fractions of coal ash. The coal fly ash fractions with the largest particle size (cuts 1 and 2) had little effect compared to the positive control which reduced phagocytosis to 22% of control values at the dose tested (0.1 mg/mL). The sample of coarse-(8.9 tAm) oil fly ash had significant effects on phagocytosis at all concentrations (p < 0.001). Phagocytosis was again significantly de- pressed for all doses of fine oil fly ash (5.6 ,um) , but the lowest dose of fine oil fly ash did not depress phagocytosis to as great a degree as the coarse sample.
Subsequent studies were performed to identify the cytotoxic components of the oil ash. Fine oil ash and, as a control, glass beads were incubated in media for 20 hr, and a portion of the oil fly ash parti-cles was sequentially incubated in media for a second 20-hr incubation. The soluble and particulate fractions were tested in order to evaluate the relative contributions of each component to the biological activity observed with the parent material.
The soluble fraction of glass beads had no effect on phagocytosis at any dose level. The particulate fraction of glass beads significantly (p < 0.01) depressed phagocytosis only at the 0.3 mg/mL dose, but all lower doses were unaffected. Both the soluble and particulate fine oil fly ash fractions inhibited phagocytosis after the first 20-hr incubation. The particulate fraction reduced phagocytosis significantly (p < 0.01) in all but the lowest dose. The soluble oil fly ash significantly depressed phagocytosis (p < 0.001) only in the two higher concentrations.
IOnly the soluble fraction of oil fly ash remained cytotoxic after a second sequential incubation of the fly ash particles in media. The second soluble fraction depressed phagocytosis (p < 0.001) at the two higher concentrations. The particulate fraction depressed phagocytosis only at the highest dose level, similar to the particulate response observed with glass beads. The second extraction resulted in oil fly ash particles that were less inhibitory of phagocytosis than either the parent material or particles which were extracted one time.
Elemental analyses of Ni and V in the two soluble fractions of oil fly ash (3 mg/mL) were performed by atomic absorption spectroscopy. The nickel and vanadium concentrations in the first soluble fraction were 267 and 20 Mg/mL, respectively; the second soluble fraction contained 13 Ag/mL of nickel and 17 Ag/mL of vanadium. In contrast to the oil fly ash, previous studies of the finest coal fly ash sample (12) indicated dissolution of no detectable V or Ni after shaking 0.5 g samples in 50 mL water at room temperature for 24 hr, i.e., solution concentrations of less than 0.02 and 0.2 Ag/mL for V and Ni, respectively. On the basis of other studies performed in our laboratory (unpublished data), it appears that the biological activity of the oil fly ash is due to the presence of soluble forms of vanadium.
Summary and Conclusions
Marked differences were observed in the physical and chemical properties of coal and oil fly ash. Light microscopic analysis of coal fly ash resulted in the development of a morphogenesis scheme containing 11 particle morphologies. In contrast, to the coal fly ash, only five morphological types of particles were identified in the oil fly ash. This difference may, in part, represent differences in particle morphogenesis. While most of the coal fly ash particles result from the heating of accessory aluminosilicate mineral associated with the organic phase of the coal, the oil fly ash appears to primarily contain sulfates and carbonaceous particles. The heterogeneity of fly ash morphologies not only reflects the mechanism of formation of the particle, but also its chemical composition.
Indeed, such heterogeneity in particulate composition has led Hayes et al. (13) to propose a model for exposure of individual lung cells to trace elements in fly ash. This model points out that segregation of elements in individual particles results in higher intracellular levels within individual phagocytizing cells. Furthermore, the particle may be directly toxic or a source of diffusable ions or molecules which may lyse the phagocytizing cell and hence be available for phagocytosis by another cell. In this manner, an individual particle may be cytotoxic to a population of cells. This hypothesis has been verified in studies with nickel subsulfide particles (14) . These studies demonstrated increased cytotoxicity to bovine macrophages of nickel subsulfide particles compared to solubilized nickel subsulfide or soluble nickel chloride.
Elemental analyses further emphasize the differences between coal and oil fly ash. The aluminosilicate matrix of coal fly ash is quite different than the sulfate and carbonaceous matrices of the oil ash. Of greater biological significance are the high nickel and vanadium concentrations. Furthermore, based on the solubility of these elements, it is likely that they are present as sulfates. It is also interesting to note the relatively high concentrations of zinc and cobalt in the oil ash samples. Trace elements such as K, Ti, and Sc-which are generally thought to be associated with accessory minerals-are present at somewhat higher concentrations in the coal fly ash.
Studies of the cytotoxicity of coal and oil fly ash were performed after in vitro exposures of bovine pulmonary alveolar macrophages. Although the finest fly ash fractions were the most inhibitory of phagocytosis, the toxicity of coal fly ash was rather low compared to that of a-quartz or oil fly ash. The high cytotoxicity of the oil ash was associated with a soluble component, probably a vanadium salt.
In summary, these studies demonstrate marked differences in the physical and chemical properties of coal and oil fly ash. Furthermore, it appears that these differences also account for differential cytotoxicity of oil and coal fly ash.
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